This study confirms a weak spring persistence barrier (SPB) of sea surface temperature anomalies (SSTAs) in the western tropical Indian Ocean (WIO), a strong fall persistence barrier (FPB) in the South China Sea (SCS), and the strongest winter persistence barrier (WPB) in the southeastern tropical Indian Ocean (SEIO). During El Niñ o events, a less abrupt sign reversal of SSTAs occurs in the WIO during spring, an abrupt reversal occurs in the SCS during fall, and the most abrupt reversal occurs in the SEIO during winter. The sign reversal of SSTA implies a rapid decrease in SSTA persistence, which is favorable for the occurrence of a persistence barrier. The present results indicate that a more abrupt reversal of SSTA sign generally corresponds to a more prominent persistence barrier. El Niñ o-induced changes in atmospheric circulation result in reduced evaporation and suppressed convection. This in turn leads to the warming over much of the TIO basin, which is an important mechanism for the abrupt switch in SSTA, from negative to positive, in the northern SCS and SEIO. The seasonal cycle of the prevailing surface winds has a strong influence on the timing of the persistence barriers in the TIO.
Introduction
El Niñ o-Southern Oscillation (ENSO) is the dominant mode of variability in the tropical Pacific at interannual time scales and has a widespread effect on the global climate system. During El Niñ o, a sea surface temperature anomaly (SSTA) in the equatorial eastern Pacific develops during summer, peaks during winter, and decays in the following spring. El Niñ o is normally accompanied by a shift in atmospheric convection from the western to the eastern tropical Pacific. By shifting tropical convection, El Niñ o forces a delayed (relative to the mature phase of El Niñ o) spring warming of the tropical Indian Ocean (TIO) (Klein et al. 1999; Alexander et al. 2002; Lau and Nath 2003) and of the northern tropical Atlantic (NTA) (Enfield 1996; Enfield and Mayer 1997 ) via atmospheric teleconnection. Herein, the seasons refer to those for the Northern Hemisphere. The TIO includes the tropical Indian Ocean basin as well as the South China Sea (SCS) and Indonesian Seas.
Because of a large SSTA and a strong atmospheric bridge effect in the tropics, the El Niñ o-forced warming of the TIO and NTA can persist from spring to summer, strongly influencing the spring and summer regional climate. For example, the NTA warming forces a northward displacement of the Atlantic intertropical convergence zone (ITCZ), resulting in increased precipitation over the Caribbean and reduced precipitation over northeast Brazil during spring following the mature phase of El Niñ o (Nobre and Shukla 1996; Giannini et al. 2001) . The TIO warming, following El Niñ o, has a strong influence on the summer climate over the Indo-western Pacific and East Asia, leading to an anomalous anticyclone over the subtropical northwest Pacific and increased mei-yubaiu rainfall over East Asia (Ding et al. 2009; ). In this way, the persistent SSTA in the TIO and NTA plays an important role in passing the ENSO information in winter to the regional climate of the following spring and summer. Consequently, a better understanding of the persistence characteristics of the TIO and NTA SSTA associated with ENSO should benefit climate predictions for East Asia and the tropical Atlantic.
In the tropical central-eastern Pacific, Webster and Yang (1992) found that autocorrelations of ENSO anomalies show a rapid and significant decrease in the spring months of March-May, which is known as the phenomenon of the spring persistence barrier (SPB). Considerable research effort has been devoted to investigating the SPB in ENSO anomalies because of its great influence on ENSO prediction (e.g., Zebiak and Cane 1987; Goswami and Shukla 1991; Torrence and Webster 1998; Clarke and Van Gorder 1999; Yu 2005; Duan et al. 2009 ). In addition to the well-known SPB in the Pacific, several previous studies have found that associated with ENSO, the persistence barrier of the SSTA also occurs in the TIO and NTA during seasons other than summer. Nicholls (1984) reported that the Indonesian SSTA shows strong persistence from January to October, with a tendency to dissipate around November, a phenomenon now referred to the winter persistence barrier (WPB). His analysis demonstrated that changes in the Indonesian SSTA persistence are closely related to ENSO phenomena. Wajsowicz (2005) and Luo et al. (2007) reported a SPB of the SSTA in the western TIO (WIO), related to ENSO influences. Chen et al. (2007) reported a fall persistence barrier (FPB) of the SSTA in the SCS, and Ding and Li (2011) reported a WPB of the SSTA in the NTA. Both the SCS and NTA barriers are prominent during strong ENSO events but become indistinct during weak ENSO and normal (i.e., non-ENSO) events. During strong ENSO events, the SCS SSTA shows a reversal in sign during fall, whereas the NTA SSTA shows a reversal in sign during winter. Chen et al. (2007) and Ding and Li (2011) concluded that the SSTA sign reversal in the SCS and NTA during strong ENSO events results in reduced persistence, possibly leading to the occurrence of the SCS and NTA barriers. These barriers, which are similar to the ENSO SPB, may significantly affect the skill of SST predictions when predictions are made across seasons in which the barriers occur.
In addition to ENSO, the other major mode of interannual variability that impacts the Indian Ocean (IO) is the Indian Ocean dipole (IOD; also called the Indian Ocean zonal mode) (Saji et al. 1999) . The positive IOD event is characterized by a positive SSTA in the WIO and a negative SSTA in the southeastern TIO (SEIO). Similarly to ENSO, the IOD is characterized by strong seasonal phase locking; it develops during summer, reaches a peak in fall, and decays in winter. The seasonal phase locking of the IOD event has an important influence on the persistence of the TIO SSTA. Wajsowicz (2005) reported a WPB of the SSTA in the SEIO, and concluded that the SEIO WPB may be caused by strong seasonal phase locking of the IOD. According to Saji et al. (1999) , some positive (negative) IOD events, but not all, occur during the same year as El Niñ o (La Niñ a). Given that IOD often co-occurs with ENSO, it is very likely that both ENSO and IOD affect the WPB in the SEIO. Previous studies (e.g., Chowdary and Gnanaseelan 2007; Hong et al. 2010) have investigated the relative contribution of ENSO and IOD to the rapid warming in SEIO. However, a detailed analysis of the relative contributions of ENSO and IOD to the SEIO barrier is still lacking. Nicholls (1984) and Wajsowicz (2005) only investigated the role of ENSO and IOD alone, respectively, in inducing the SEIO WPB.
In our previous paper (Ding and Li 2011) , we performed a detailed analysis of the persistence of the NTA SSTA for different ENSO cases. The present paper reports on the persistence characteristics of the TIO SSTA. In addition to establishing the existence of the ENSO-induced WIO SPB and SCS FPB, we consider the following questions regarding the persistence of the TIO SSTA: Does the remote influence of ENSO also lead to a WPB in the SEIO? If so, what are the relative contributions of ENSO and IOD to the occurrence of the SEIO WPB? Why does the WIO barrier occur in spring and the SCS barrier in fall, when the SEIO barrier occurs in winter? Do the WIO, SCS, and SEIO barriers differ in intensity? The purpose of the present study is to answer these questions.
The remainder of this paper is organized as follows. Section 2 describes the data and analysis methods. Section 3 analyzes the evolution of the TIO SSTA associated with ENSO. Section 4 investigates the persistence of the SSTA in various TIO subdomains. Section 5 explores the mechanisms by which ENSO affects the evolution of the TIO SSTA. Section 6 investigates the relative contributions of ENSO and IOD to the persistence of the TIO SSTA. Finally, a summary is presented in section 7.
Data and methodology
This study employs the Hadley Center Sea Ice and SST dataset (HadISST) on a 18 3 18 spatial grid for the period 1900-2007 (Rayner et al. 2006) , and the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) atmospheric reanalysis on a 2.58 3 2.58 grid for 1950 (Kalnay et al. 1996 . The NCEP-NCAR reanalysis includes wind, streamfunction, and surface heat flux fields.
The present study focuses on interannual variability associated with ENSO. To reduce the effect of pronounced decadal variability over the Indian Ocean (Ashok et al. 2004; Alory et al. 2007) , the climatological mean annual cycle is removed, leaving the anomalies, which are then passed through a 7-yr high-pass Gaussian filter. In this way, the annual cycle and decadal components are removed from the monthly data, while leaving the anomalies. Autocorrelation analysis was used to measure the persistence of the SSTA, which is defined as the correlation between the time series of the starting calendar month (January-December) and the time series of a succeeding lag month over a period of given duration (Ding and Li 2009, 2011) .
We use the area-averaged SST over the Niñ o-3 region (58S-58N, 1508-908W) as the ENSO index. To investigate the relationship between ENSO and TIO SSTA persistence, ENSO cases were classified into three types according to the intensity of the Niñ o-3 SST index at its peak phase: November(0)-January(1) [NDJ(0)] for the period 1950-2007. Here, the numerals ''0'' and ''1'' denote the developing year and the decay year of ENSO, respectively. A strong (weak, normal) ENSO case is defined as a year in which the Niñ o-3 SSTA at its peak phase has an intensity greater than 1.0 (0.5-1.0, ,0.5) SD of its 195022007 time series (Table 1) .
To investigate the relative effects of ENSO and IOD on the persistence of the TIO SSTA, all years in the period 1900-2007 are classified as positive or negative IOD, El Niñ o or La Niñ a, or neutral years (Table 2 ). The classification is based mainly on Meyers et al. (2007) but adjusted according to ENSO and IOD indices at their respective mature phases [September-November (SON) for IOD]. The IOD index is defined as SSTA differences between the WIO (108S-108N, 508-708E) and the SEIO (108S-08, 908-1108E) (Saji et al. 1999) . After adjustment, strong ENSO or IOD years are maintained as ENSO or IOD years, but weak ENSO or IOD years are reclassified as non-ENSO or non-IOD years. In Table 2 , El Niñ o and La Niñ a years after 1950 are equivalent to the strong El Niñ o and La Niñ a years shown in Table 1 .
Evolution of the TIO SSTA associated with ENSO
Previous studies have noted that while El Niñ oinduced warming ultimately covers the entire TIO basin, the TIO warming often shows significant variations in space and time (Kawamura et al. 2001; Schott et al. 2009) . In this section, we examine in detail the evolutionary features of the ENSO-induced TIO SSTA, with the aim of identifying the possible influence of these features on the SSTA persistence. Figure 1 shows composite difference patterns of the SSTA (strong El Niñ o minus strong La Niñ a) during the developing and mature phases of ENSO [August(0) to March(1)]. The central and eastern equatorial Pacific is dominated by strong and sustained warming, accompanied by a minor cooling in the tropical western Pacific, which reflects the typical features of El Niñ o evolution. The maximum warming occurs in the eastern equatorial Pacific during December(0) and January(1), indicating that El Niñ o reaches its mature phase. After February(1), El Niñ o enters its decaying stage. As a delayed response to El Niñ o, the TIO warming shows distinct regional 1957 , 1965 , 1972 , 1982 , 1986 , 1987 , 1991 , 1994 , 1997 La Niñ a 1954 , 1955 , 1964 , 1970 , 1973 , 1975 , 1988 , 1998 Weak ENSO El Niñ o 1951 , 1963 , 1968 , 1969 , 1976 , 1977 , 2006 La Niñ a 1950 , 1956 , 1962 , 1967 , 1971 , 1974 , 1984 , 1995 Normal Positive 1952 , 1953 , 1958 , 1979 , 1990 , 1992 , 1993 , 2003 Negative 1959 , 1960 , 1961 , 1966 , 1978 , 1980 , 1981 , 1983 , 1985 , 1989 1930 1905 , 1911 , 1914 , 1918 , 1925 , 1940 , 1941 , 1965 , 1986 , 1987 1902 , 1957 , 1972 , 1982 , 1991 , 1994 , 1997 No event 1917 , 1928 , 1958 , 1968 , 1974 , 1980 , 1985 , 1989 , 1992 1900 , 1901 , 1904 , 1907 , 1908 , 1910 , 1912 , 1915 , 1920 , 1921 , 1927 , 1929 , 1931 , 1932 , 1934 , 1936 , 1937 , 1939 , 1943 , 1945 , 1947 , 1948 , 1950 , 1951 , 1952 , 1953 , 1956 , 1959 , 1960 , 1962 , 1966 , 1969 , 1971 , 1976 , 1977 , 1979 , 1981 , 1983 , 1984 , 1990 , 1993 , 1995 , 2003 1913 , 1919 , 1923 , 1926 , 1935 , 1944 , 1946 , 1961 , 1963 , 1967 , 1978 , 2006 La Niñ a 1906 , 1909 , 1916 , 1933 , 1942 , 1975 , 1988 1903 , 1922 , 1924 , 1938 , 1949 , 1954 , 1955 , 1964 , 1970 , 1973 , 1998 characteristics. The TIO warming first takes place in the southern IO (SIO) (308-208S, 608-908E) 8180 appears in February(1) and is maintained through the ensuing spring. Overall, these features are consistent with the results of previous observational and modeling studies (Klein et al. 1999; Venzke et al. 2000; Alexander et al. 2002; Lau and Nath 2003) . Figure 1 shows that the warming in the SCS and SEIO is more abrupt than the warming elsewhere. The SCS is dominated by anomalous cooling during August(0) and September(0), and anomalous warming emerges in the southern SCS in October(0), extending northward to cover the entire SCS in December(0) with a maximum warming center located to the east of Taiwan, consistent with the results of Chen et al. (2007) . Compared with the SCS, the cooling is more intense in the SEIO off the west coast of Sumatra and Java, and it persists from August(0) to November(0), interrupted by an anomalous warming after December(0). These results suggest that the SCS and SEIO SSTAs, influenced by ENSO, undergo a rapid sign reversal from negative to positive during SeptemberOctober(0) and November-December(0), respectively. Figure 2a shows a longitude-time diagram of the composite difference of the SSTA (strong El Niñ o minus strong La Niñ a) averaged over the zone from 58N to 208N. Figure 2b is the same as Fig. 2a , but for the composite difference of the SSTA averaged from 158S to the equator. These figures show a rapid change in the SSTA, with the sign changing from negative to positive, mainly in the 1008-1208E zone of the northern and southern tropics (corresponding to longitude ranges of the SCS and SEIO, respectively). The rapid SSTA change in the SCS occurs in fall, one season earlier than the rapid change in the SEIO. For the WIO in the 508-808E zone, a very weak positive SSTA occurs in early summer and then persists for several months, finally becoming significant in October(0). In comparison, the SSTA sign reversal from negative to positive is less abrupt in the WIO than in the SCS and SEIO.
To clearly show meridional differences in the evolution of ENSO-related SSTA along the 1008-1208E zone, Fig. 3 shows a latitude-time diagram of the composite difference in the SSTA averaged over the zone from 1008 to 1208E. A rapid change in SSTA sign occurs almost simultaneously during September-October(0) at all latitudes from 58 to 208N (corresponding to the latitude range of the SCS). However, the SSTA in the 158S-08 zone (corresponding to the latitude range of the SEIO) evolves in a different way; that is, the transition in SSTA sign is progressively delayed with increasing latitude from the equator to 158S, occurring at the equator around October(0), one month earlier than the transition at 108S. The zonal average of the SSTA along the 158S-08 zone shows a phase transition at some point during November(0) or December(0), as shown in Fig. 2b .
Based on the evolutionary features of the ENSOrelated TIO SSTA, we focus on three regions: the WIO (108S-108N, 508-708E), SCS (58-208N, 1008-1208E), and SEIO (158S-08, 1008-1208E). Figure 4 shows the detailed evolutions of ENSO itself and ENSO-related SSTA averaged over the WIO, SCS, and SEIO, as represented by their correlations with the Niñ o-3 SST index at its peak phase [NDJ (0)]. Significant ENSO-related warming ($0.268C) occurs gradually over the WIO, SCS, and SEIO, with a lag of 1-2 months. The WIO SSTA shows a sign reversal from negative to positive during AprilMay(0), whereas the SCS and SEIO SSTA show a sign reversal from negative to positive during SeptemberOctober(0) and November-December(0), respectively. The WIO warming becomes significant in fall and peaks in February(1). It takes 3-4 months for the minor positive SSTA in the WIO to become significant. In contrast, it takes only one month for the minor positive SSTA in the SCS and SEIO to become significant. These results confirm that the warming is more abrupt in the SCS and SEIO than in the WIO. The SEIO warming reaches a maximum around March(1), about one season after the peak in the Niñ o-3 SSTA. The SCS warming shows two peaks: one in January(1) and the other in August(1), consistent with the findings of Du et al. (2009) . The second warming peak in the SCS (also in the NIO) leads to a long persistence of the TIO warming induced by El Niñ o, exerting a profound influence on summer climate around East Asia ).
As expected, the TIO warming during weak El Niñ o events is not as strong as that during strong El Niñ o events (Fig. 5) . The same is true of the cooling that occurs prior to the warming in the 1008-1208E zone. Therefore, the sign reversal of SSTA in the SCS and SEIO becomes indistinct during weak El Niñ o events. For normal ENSO cases, the amplitude of the TIO SSTA is very small and the evolution of the TIO SSTA is relatively chaotic (not shown). The sign reversal of SSTA in the SCS and SEIO does not occur during normal ENSO cases.
Persistence characteristics of the SSTA in various TIO subdomains
The ENSO-induced SSTA in the WIO, SCS, and SEIO show contrasting evolutionary features; however, it is unclear how these features affect the persistence of SSTA in the three TIO subdomains. This section examines the persistence characteristics of SSTA in the WIO, SCS, and SEIO, respectively. a. Persistence characteristics over the entire period The left panels in Fig. 6 show the autocorrelations of the area-averaged SSTA over the WIO, SCS, and SEIO for the period 1950-2007. The right panels contain the same information as the left panels, but clearly show the occurrence time of a persistence barrier. Autocorrelations significant at the 95% level ($0.26) are shaded in the left panels. The time taken for autocorrelation to drop below the 95% significance level can be regarded as a measure of SST persistence starting from that month. Figure 6a shows that the WIO SSTA has a high persistence in the starting months from August(0) to October(0) (autocorrelations fall below the 95% significance level after about 6 months). The persistence of the WIO SSTA shows a slow rise from March(0) to September(0), and a slow decline from January(0) to March(0). These results demonstrate that the WIO SSTA has a minimum Webster and Yang (1992) , the persistence barrier refers to a phenomenon of autocorrelations showing a rapid and significant decrease (the autocorrelation is reduced to half its value) from one month to the next, regardless of the starting month. However, the autocorrelation value of the WIO SSTA in April(0) is more than half of that in May(0) for most of the starting months. According to Webster and Yang (1992) 's criterion, a robust SPB does not occur in the WIO; instead, it is only weakly developed.
Autocorrelations of the SCS SSTA show a rapid decrease in October-November(0), regardless of the starting month (Fig. 6d) . This rapid decrease leads to a minimum persistence in September(0) (Fig. 6c) . The persistence of the SCS SSTA shows a continuous drop before September(0), and a sharp rise thereafter. It therefore appears that the persistence of the SCS SSTA encounters a major barrier in fall ]. An examination of autocorrelations of the SCS SSTA reveals that autocorrelation in October(0) is about half or less of that in November(0) for most of the starting months. This result indicates a prominent FPB in the SCS. In contrast to the SCS SSTA, the persistence of the SEIO SSTA shows a stronger seasonal dependence. Autocorrelations of the SEIO SSTA show a sharp drop in December(0) -January(1), regardless of the starting month (Fig. 6f) . This rapid drop in autocorrelations in the SEIO during December(0) -January(1) is more significant than that in the SCS during October-November(0). The most prominent WPB occurs in the SEIO.
b. Relationship between ENSO and TIO barriers
To examine the dependence of the WIO SPB, SCS FPB, and SEIO WPB on ENSO, ENSO cases are classified into three types based on the intensity of the Niñ o-3 SST index at its peak phase: strong, weak, and normal. For strong ENSO cases, the WIO SSTA shows a minimum persistence around March(0) (Fig. 7a) , while the SCS and SEIO SSTA show a minimum persistence around September(0) and November(0), respectively (Figs. 7c,e) . Autocorrelations of the WIO SSTA starting from January(0) to March(0) show a rapid decrease in April-May(0) (Fig. 7b) . Autocorrelations of the SCS SSTA starting from January(0) to September(0) fall quickly below the significance level in October-November(0) (Fig. 7d) . Autocorrelations of the SEIO SSTA starting from January(0) to November(0) fall quickly from a large positive correlation to a large negative correlation in December(0)-January(1) (Fig. 7f) . These persistence characteristics of the WIO, SCS, and SEIO SSTA for strong ENSO cases are similar to those for the entire period, as shown in Fig. 6 . Clearly, there exists a less robust SPB in the WIO, a robust FPB in the SCS, and the most robust WPB in the SEIO during the developing year of strong ENSO cases.
For weak ENSO cases, autocorrelations of the WIO SSTA starting from January(0) to March(0) show a rapid decrease in May(0), associated with a minimum persistence in April(0) (Figs. 8a,b) . This rapid decrease of autocorrelations in May(0) during weak ENSO cases is similar to, but slightly less significant than, that during strong ENSO cases. Therefore, the SPB in the WIO SSTA becomes more indistinct during weak ENSO cases. For normal ENSO cases, autocorrelations of the WIO SSTA starting from January(0) to March(0) show a slow decrease in April-May(0), and the minimum persistence does not occur in March(0) or April(0) (not shown). The SPB of the WIO SSTA is absent in normal ENSO cases.
For weak ENSO (Fig. 8 ) and normal cases (not shown), autocorrelations of the SCS and SEIO SSTA evolve differently from those during strong ENSO cases, and do not show a rapid decrease during fall or winter. The FPB of the SCS SSTA and the WPB of the SEIO SSTA become indiscernible, or do not occur at all, in these two cases.
c. Mechanisms of barrier development
The above results confirm the existence of the SEIO SPB, SCS FPB, and SEIO WPB, which have been noted in previous studies (Wajsowicz 2005; Chen et al. 2007; Luo et al. 2007; Zhao and Li 2009) . What causes the persistence barriers of the WIO, SCS, and SEIO SSTA during strong ENSO cases? In section 3, we showed that during strong El Niñ o cases, the sign reversal of SSTA, from negative to positive, occurs successively in the WIO during spring, in the SCS during fall, and in the SEIO during winter, consistent with the seasons during which the persistence barriers occur. Moreover, a slow reversal of SSTA sign in the WIO corresponds to a weak WIO barrier, while an abrupt reversal in the SCS corresponds to a strong SCS barrier, and the most abrupt reversal in the SEIO corresponds to the strongest SEIO barrier. The occurrence seasons and strengths of the persistence barriers are consistent with those of the SSTA sign reversal, indicating a close connection between the two phenomena. The sign reversal of SSTA implies a rapid decrease in the SSTA persistence, which is favorable for the occurrence of a persistence barrier. A more abrupt reversal of SSTA sign should lead to a more prominent persistence barrier. Consequently, the WIO SSTA tends to have a weak persistence barrier in spring, while the SCS SSTA has a strong persistence barrier in fall and the SEIO SSTA has the strongest persistence barrier in winter.
Mechanisms by which ENSO affects the evolution of the TIO SSTA
The mechanisms by which El Niñ o induces a basinwide warming in the TIO have been extensively studied (e.g., Klein et al. 1999; Alexander et al. 2002; Xie et al. 2002; Lau and Nath 2003; Shinoda et al. 2004; Tokinaga and Tanimoto 2004) . However, previous studies focused on the causes of significant warming in the TIO, whereas few studies have examined how ENSO causes a rapid sign reversal in the WIO, SCS, and SEIO SSTA, despite the fact that such an investigation is necessary to identify the mechanisms that induce the persistence barriers. In this section, we investigate in detail how ENSO causes successive sign reversals in the WIO, SCS, and SEIO SSTA.
The quasi-biennial component of ENSO variability has been noted previously (Rasmusson et al. 1990 ). El Niñ o events are often preceded or followed by La Niñ a events. In Fig. 2 , the negative SSTA in the TIO that exists before spring could be caused by La Niñ a events preceded by strong El Niñ o events. As a La Niñ a event enters its decaying phase in spring, the negative SSTA in the WIO gradually changes to positive, while the negative SSTA is sustained in the SEIO and SCS. In September(0), a pair of low-level anticyclonic streamfunction anomalies can be clearly observed on each side of the equator, with their centers located around the Arabian Sea and the southwestern TIO (SWIO) (Fig. 9) . The two anticyclonic anomalies are caused by the anomalous heat sink over the Maritime Continent (the sinking branch of the anomalous Walker circulation), which forces descending Rossby waves to the west of the Maritime Continent (Gill 1980; Wang and Zhang 2002) . The two anticyclonic anomalies induce an antisymmetric wind pattern that weakens the prevailing southwesterlies and results in an enhanced SSTA in the Arabian Sea in September(0) (Fig. 1) . They intensify rapidly and move eastward in October(0) and November(0). The northern edge of the anomalies moves farther eastward into the western North Pacific, with the center over the Philippines in December(0). It eventually anchors in the SCS-Philippines region in the following January(1) and February(1), which is referred to as the anomalous Philippine Sea anticyclone (PSAC) (Wang et al. 2000; Wang and Zhang 2002) . Chen et al. (2007) attributed the SCS warming initiated in October(0) to the rapid passage of the northern low-level anomalous anticyclone (NLAAC) during strong El Niñ o cases. They noted that the SCS is dominated by persistent low-level cyclonic anomalies before September(0) that are associated with an anomalous cooling in the region. The eastward passage of the NLAAC across the SCS, which acts to weaken the prevailing northeasterlies and suppress convection in the SCS, induces changes in surface heat fluxes that in turn generate an anomalously warm SST in the region.
However, our analyses suggest a different cause of SCS warming. The significant warming in the northern SCS (NSCS) (158-258N) after November(0) during El Niñ o cases arises mainly from decreased latent heat flux (LF) loss from ocean to atmosphere, as well as enhanced net shortwave (SW) downward radiation (Fig. 10) , which is consistent with the findings of Chen et al. (2007) . However, the NLAAC produces easterly wind anomalies in the southern SCS (SSCS) (58-158N) after October(0) (Fig. 1) , which tends to intensify (not weaken) the prevailing northeasterlies in this region. The LF loss from ocean to atmosphere in the SSCS shows a significant increase after October(0). The minor SW increase due to suppressed convection by the NLAAC cannot compensate for the significant LF loss due to strengthened northeasterlies (Figs. 10a,b) . According to Hartmann and Michelsen (1993) , anomalies in the total surface heat flux (TSHF) over the tropical oceans are dominated by anomalies in LF and SW. Anomalies in TSHF into the ocean in the SSCS are negative after October(0) (Fig. 10c) , which tends to maintain a negative SSTA there. Consequently, the warming in the SSCS cannot be explained by changes in the surface heat flux.
This observation contradicts Chen et al. (2007) , who found that the surface heat flux is crucial in initiating the warming in SCS. A possible explanation for this difference may be that Chen et al. (2007) analyzed changes in the area-averaged surface heat flux over the central SCS (108-208N, 1108-1208E ), whereas changes in surface heat flux over the central SCS are dominated by those over the NSCS (158-208N) during strong ENSO cases. Consequently, the fact that the warming in the SSCS cannot be explained by changes in the surface heat flux was not noted by Chen et al. (2007) . We speculate that ocean dynamic processes, such as wind-induced advection and upwelling, may be responsible for the warming in the SSCS during El Niñ o events. Further study is required to verify this speculation and to provide a detailed understanding of the influence of various ocean dynamic processes on the SCS SSTA.
The central part of the southern low-level anomalous anticyclone (SLAAC) occurs at similar longitudes to those of the NLAAC in September (0); however, the SLAAC moves eastward more slowly than the NLAAC in October(0) and November(0). This is probably because the monsoon westerly over South Asia favors the transport of anticyclone anomalies toward the SCS and the Philippines in October(0) (Wang and Zhang 2002) . The different movement speeds cause the central parts of the NLAAC and SLAAC to become aligned in a northeast-southwest direction. The SLAAC eventually anchors in the SEIO-northwest Australia regions and shows a gradual decay during the following winter and spring. The SLAAC induces southeasterly wind anomalies off Java and Sumatra in September(0) and October(0), which intensifies the prevailing southeasterlies in these regions. The strengthened southeasterlies result in increased surface evaporation (corresponding to enhanced LF loss), tending to cool the SEIO. Although the SLAAC suppresses the convection and increases the SW in the SEIO, it is unable to compensate for the LF loss due to strengthened southeasterlies (Fig. 10) . In addition, the strengthened southeasterlies increase vertical mixing in the ocean and coastal upwelling (Shinoda et al. 2004; Kug and An 2010) , intensifying the cooling in the SEIO. Therefore, the SEIO SSTA persistently cools in September(0) and October(0) in response to intensified southeasterlies, which may help to explain why the cooling is more intense in the SEIO than in the SCS during the period before the warming.
The southeasterlies in the SEIO begin to weaken after November(0) as the northeasterly winter monsoon flows gradually penetrate southward through the equator and become northwesterly flows in the Southern Hemisphere (Zhang and Zhang, 2010) . The resulting decrease in LF loss, as well as the increased SW due to suppressed convection, causes the SEIO SSTA to switch from negative to positive. In response to weakened southeasterlies in the SEIO, the upwelling along the coasts of Java and Sumatra also weakens, intensifying the warming in this region (Murtugudde et al. 2000) . The above analyses suggest that the sign reversal in the SCS and SEIO SSTA is closely related to the development and evolution of the NLAAC and SLAAC, respectively. Chen et al. (2007) reported that ENSO forces the NLAAC's eastward displacement via its accompanying large-scale divergence anomalies. However, ENSO-induced large-scale divergence anomalies are almost symmetrical in the north-south direction about the equator after October(0) (not shown), which is inconsistent with the asymmetry of the NLAAC that arises as it moves farther eastward than the SLAAC. The present results show that the seasonal cycle of the prevailing surface winds or trade winds plays an important role in the asymmetric eastward movements of the NLAAC and SLAAC.
The NLAAC and SLAAC form and develop in September(0) and October(0), which is the season of transition from the southwest summer monsoon to the northeast winter monsoon in the Northern Hemisphere. The northeasterly wind anomalies along the eastern flank of the NLAAC, which act to intensify the prevailing northeasterly monsoon flows, could involve a positive thermodynamic ocean-atmosphere feedback during the period after the NLAAC enters the Philippine Sea in winter (Wang et al. 2000) . The NLAAC is sustained and trapped in the SCS-Philippines regions by the positive feedback until the ensuing spring, thereby maintaining cold SSTA to its east over the subtropical northwestern Pacific and warm SSTA to its west over the SCS. As the winter monsoon flows weaken, the NLAAC gradually decays during the following spring and summer.
In contrast, the SLAAC induces southeasterly wind anomalies to its east, weakening the prevailing crossequatorial northwesterly flows over the SEIO and subtropical southwestern Pacific after December(0). In contrast to the NLAAC, the SLAAC is not driven by a positive thermodynamic ocean-atmosphere feedback. Consequently, the eastward extent of the SLAAC is confined to the Indian Ocean and it cannot move eastward to the subtropical southwestern Pacific. During the following spring and summer, the SSTA in the SEIO and subtropical southwestern Pacific shows a quicker decay than that in the SCS and subtropical northwestern Pacific.
By influencing the eastward extent of the NLAAC and SLAAC associated with ENSO, the seasonal cycle of the prevailing surface winds determines the times when the SCS FPB and the SEIO WPB occur. The SCS FPB occurs in fall, which is the season of transition from the southwest summer monsoon to the northeast winter monsoon in the Northern Hemisphere, while the SEIO WPB occurs in winter, which is the season of transition from prevailing southeasterly flows to prevailing crossequatorial northwesterly flows over the SEIO. The WIO SPB occurs in spring, which is also consistent with the season of transition from winter monsoon flows to summer monsoon flows over the WIO. Table 2. respectively, for the categories of the ENSO-IOD relationship listed in Table 2 . The evolution of the WIO SSTA for El Niñ o with positive IOD (or La Niñ a with negative IOD) is similar to that for pure El Niñ o (or pure La Niñ a) (Fig. 11a) . For these categories, the WIO SSTA shows a slight reversal in sign from negative to positive (or from positive to negative) during spring. It then slowly increases (or decreases) and reaches a peak in the spring of the following year. The WIO SSTA for pure positive IOD (or pure negative IOD) does not show a reversal in sign during spring, and it does not show a significant warming (or cooling) trend in the ensuing summer and winter, for both categories. The composites of the WIO SSTA for no-ENSO or IOD show a very small amplitude. Consistent with the evolution of the WIO SSTA, the persistence analyses for different ENSO/ IOD categories show that a weak SPB only exists in the WIO SSTA in the case that ENSO co-occurs with IOD and pure ENSO (not shown). The WIO SPB is absent during pure IOD and neutral (no-ENSO or IOD) years. These results indicate that the WIO SPB is caused mainly by ENSO rather than by IOD.
The SCS SSTA shows a rapid reversal in sign, mainly during fall, when El Niñ o (or La Niñ a) occurs with or without positive IOD (or negative IOD) (Fig. 11b) . After the reversal, it shows a rapid warming or cooling and persists for several months until the following summer in these categories. The amplitude of the SCS SSTA is relatively small for both pure positive IOD and pure negative IOD, and it shows a slow minor increase during winter in both categories, followed by a rapid decay in early spring. The reversal in sign of the SCS SSTA is less distinct for pure IOD events. The amplitude of the SCS SSTA for no-ENSO or IOD is very small, and its evolution is relatively irregular. Corresponding to the rapid sign reversal of the SCS SSTA during fall, a well-defined FPB is found during ENSO co-occurring with IOD and pure ENSO (not shown). The SCS SPB is indistinct during pure IOD and neutral (no-ENSO or IOD) years. These results suggest that the SCS FPB is dependent mainly on ENSO and is relatively independent of IOD, similarly to the WIO SPB.
The SEIO SSTA shows an evident quasi-biennial oscillation when El Niñ o or La Niñ a occurs with an IOD event (Fig. 11c) . The amplitude of the oscillation is significantly greater for El Niñ o with a positive IOD than for La Niñ a with a negative IOD, possibly because of the asymmetry of ENSO and the IOD (An and Jin 2004; Hong et al. 2008a,b; Su et al. 2010 ). As noted in previous studies (Hong et al. 2010; Wu et al. 2010) , the asymmetry of ENSO and the IOD can lead to the asymmetry of atmospheric and oceanic response to the opposite phases of ENSO forcing. Hong et al. (2010) reported that the amplitude asymmetry between the basinwide warming and cooling in the Indian Ocean appears only when ENSO is concurrent with IOD, and it becomes insignificant during pure ENSO and pure IOD events. Figure 11c shows that the amplitude asymmetry of the SEIO SSTA is only significant during the combined ENSO-IOD events, consistent with the findings of Hong et al. (2010) .
The phase reversal of the SEIO SSTA occurs mainly during winter in cases where ENSO co-occurs with IOD, or during a pure ENSO event. Because of the amplitude asymmetry, the sign reversal of the SEIO SSTA in winter is stronger for El Niñ o with a positive IOD than during either La Niñ a with a negative IOD or pure ENSO years. According to the above analysis, the strengths of the persistence barriers are generally consistent with those of the SSTA sign reversal. The strongest sign reversal of the SEIO SSTA may lead to the strongest SEIO WPB during El Niñ o with a positive IOD. However, because autocorrelation calculated using only small amounts of data (only seven combined El Niñ o-positive IOD events in Table 2 ) become unreliable, we do not show a comparison of the SSTA persistence between El Niñ o with a positive IOD and La Niñ a with a negative IOD. Instead, we show the persistence analyses of the SEIO SSTA for ENSO co-occurring with IOD, and for a pure ENSO event. The results show a prominent WPB in the SEIO for ENSO co-occurring with IOD and for pure ENSO (Fig. 12) . The SEIO WPB during ENSO co-occurring with IOD is slightly more prominent than that during pure ENSO. We suggest that the strengthened SEIO WPB when ENSO co-occurs with IOD is mainly caused by the asymmetry of the SEIO SSTA driven by the ENSO remote forcing.
The SEIO SSTA for pure positive IOD and pure negative IOD also undergoes a sign reversal during winter, but the reversal is relatively weak due to the rapid decay of the SSTA after winter. The amplitude of the SEIO SSTA is very small, and no phase reversal of SSTA occurs in no-ENSO or IOD cases. The persistence analyses show that when pure IOD events occur, the SEIO WPB is also found, but is weaker than that for ENSO co-occurring with IOD or a pure ENSO event (Fig. 12) . The SEIO WPB is indistinct during no-ENSO or IOD years.
These results clearly demonstrate that in addition to ENSO, IOD alone can cause a weak WPB in the SEIO SSTA. El Niñ o events co-occurring with positive IOD act to further strengthen the SEIO WPB, leading to the most prominent WPB. It therefore appears that the SEIO WPB is influenced more by ENSO than by IOD. This conclusion differs from the findings of Wajsowicz (2005) , who emphasized the influence of IOD (rather than ENSO) on the SEIO WPB. On monthly scales, both the ENSO and IOD have significant impacts on the SEIO SSTA. However, it is important to examine why ENSO alone produces a prominent WPB in the SEIO SSTA, whereas IOD alone only produces a weak WPB. One possible reason for this difference is that the ENSO influence on the SEIO SSTA persists for longer than the IOD influence. The IOD events develop in summer and attain a peak in fall, followed by a rapid decay in winter (Saji et al. 1999) ; consequently, the influence of IOD on the SEIO SSTA is mainly limited to summer and fall. When pure IOD events occur, the SEIO SST shows a relatively large anomaly in summer and fall, but a small anomaly in the following winter and spring. The quasi-biennial oscillation of the SEIO SSTA becomes indistinct for pure IOD events; consequently, the SEIO SSTA shows only a slight sign reversal in winter associated with pure IOD events, ultimately resulting in a weak WPB. In contrast, the influence of ENSO on the SEIO SSTA is present throughout the ensuing winter and spring. When pure ENSO events occur, the SEIO SST shows a relatively large anomaly in summer and fall, and a large anomaly of the opposite sign during the following winter and spring. The quasibiennial oscillation of the SEIO SSTA is prominent for pure ENSO events. Consistent with this observation, the SEIO SSTA shows a strong sign reversal in winter, ultimately resulting in a strong WPB. Clarke and Van Gorder (1999) reported that the biennial oscillation embedded in the ENSO index might be responsible for the prominent SPB in the eastern equatorial Pacific, which is phase-locked to the calendar year. We speculate that the quasi-biennial signal of the SEIO SSTA, which is closely linked to ENSO, might play an important role in the occurrence of the SEIO WPB. Nicholls (1984) also postulated that the SEIO WPB is related to a biennial cycle, and this cycle is probably driven by variations in air-sea interaction through the year caused by the seasonal reversal of the zonal winds in this region. Although the quasi-biennial signal of the SCS SSTA associated with ENSO is not as prominent as that of the SEIO SSTA, it does exist in the SCS SSTA, producing a well-defined FPB. Further research is necessary to examine the dynamic relationships among the persistence barriers, ENSO, and the quasibiennial oscillation, and to consider the implications of these relationships in terms of improving predictions of the TIO SSTA.
Summary
This study aimed to investigate the persistence characteristics of the SST anomaly (SSTA) in the tropical Indian Ocean (TIO) that is associated with ENSO. Since the persistence of the SSTA is closely linked to its monthly evolution, we first examined in detail the evolutionary features of the ENSO-induced TIO SSTA. During El Niñ o cases, a sign reversal of SSTA, from negative to positive, occurs successively in the western TIO (108S-108N, 508-708E) during spring, in the South China Sea (58-208N, 1008-1208E) during fall, and in the southeastern TIO (158S-08, 1008-1208E) during winter (Fig. 13) . The intensity of this sign reversal varies in different TIO subdomains, with a less abrupt reversal in the western TIO, an abrupt reversal in the South China Sea, and the most abrupt reversal in the southeastern TIO.
The SSTA sign reversals that occur in the western TIO, South China Sea, and southeastern TIO may reduce the persistence of the anomaly, creating favorable conditions for the occurrence of the persistence barrier. Autocorrelation analyses of area-averaged SSTA over the western TIO, South China Sea, and southeastern TIO show a weak spring persistence barrier (SPB) in the western TIO, a strong fall persistence barrier (FPB) in the South China Sea, and the strongest winter persistence barrier (WPB) in the southeastern TIO (Fig. 13) . The occurrence seasons and strengths of the persistence barriers are consistent with those of the SSTA sign reversal, indicating a close connection between the two phenomena. The sign reversal of the SSTA in the western TIO, South China Sea, and southeastern TIO shows a weakening in intensity during weak ENSO cases, and does not occur during normal cases. As a result, the barriers in the western TIO, South China Sea, and southeastern TIO become indiscernible or disappear in these cases.
The schematic in Fig. 14 summarizes a possible explanation of processes by which ENSO successively causes a sign reversal in the western TIO, South China Sea, and southeastern TIO SSTA. In winter and early spring before an El Niñ o event occurs, negative SSTA dominates the TIO, possibly caused by La Niñ a preceded by El Niñ o. As the La Niñ a event enters its decaying phase in spring, the negative SSTA in the western TIO gradually evolves to a positive, and the western TIO SSTA experiences a slow sign reversal from negative to positive. In September(0), when El Niñ o enters its developing stage, El Niñ o-induced changes in the Walker circulation produce a pair of low-level anticyclonic anomalies on each side of the equator (Gill 1980; Wang and Zhang 2002) , with their centers located around the Arabian Sea and the southwestern TIO. The two anticyclonic anomalies induce an antisymmetric wind pattern that weakens the prevailing surface winds and causes the western TIO SSTA to warm significantly in October(0). The two anticyclonic anomalies intensify quickly and move eastward in October(0) and November(0). The northern low-level anomalous anticyclone (NLAAC) moves farther eastward into the western North Pacific, with its center over the Philippines in December(0) (Wang et al. 2000; Wang and Zhang 2002) . The eastward passage of the NLAAC across the South China Sea induces a rapid warming in the northern South China Sea via weakening of the prevailing northeasterlies and suppressed convection in the region (Chen et al. 2007 ). Consequently, the South China Sea SST shows a rapid change from a negative to a positive anomaly during fall.
The southern low-level anomalous anticyclone (SLAAC) moves eastward more slowly than the NLAAC in October(0) and November(0), and eventually anchors in the southeastern TIO-northwest Australia regions during the following winter and spring. The SLAAC induces southeasterly wind anomalies off Java and Sumatra in September(0) and October(0), resulting in enhanced prevailing southeasterlies and a cooler SST in the region. However, as the northeasterly winter monsoon flows gradually penetrate southward across the equator after December(0) (Zhang and Zhang, 2010) , the prevailing cross-equatorial northwesterly flows off Java and Sumatra are weakened by the southeasterly wind anomalies induced by the SLAAC. The decrease in the latent heat flux (LF) loss caused by lower wind speeds, combined with the increased net downward shortwave (SW) radiation due to suppressed convection, causes the southeastern TIO SSTA to switch from negative to positive. In addition, the weakened southeasterlies decrease vertical mixing in the ocean and coastal upwelling, intensifying the warming in the SEIO (Murtugudde et al. 2000) . Consequently, the southeastern TIO SSTA shows an abrupt change from negative to positive during winter.
The persistence barrier of the western TIO SSTA is locked to spring, while the barriers of the South China Sea and southeastern TIO SSTA are locked to fall and winter, respectively. The present results show that the seasonal cycle of the prevailing surface winds has an important influence on the timing of the persistence barriers in the TIO. The western TIO SPB occurs in spring, which is consistent with the season of transition from winter monsoon flows to summer monsoon flows over the western TIO. The South China Sea FPB occurs in fall, which is the season of transition from the southwest summer monsoon to the northeast winter monsoon in the Northern Hemisphere, while the southeastern TIO WPB occurs in winter, which is the season of transition from prevailing southeasterly flows to prevailing cross-equatorial northwesterly flows over the southeastern TIO.
In addition to ENSO, the Indian Ocean dipole (IOD) modulates the evolution of the SSTA in the TIO, thereby affecting the SSTA persistence in this region. The present results show that the IOD alone can cause a weak WPB in the southeastern TIO SSTA. El Niñ o events co-occurring with positive IOD act to further strengthen the southeastern TIO WPB, leading to the most prominent WPB. It appears that the southeastern TIO WPB is influenced more strongly by ENSO than by the IOD. In contrast, the western TIO SPB and the South China Sea FPB are strongly dependent on ENSO and are relatively independent of the IOD. of this paper. This research was funded by the 973 program (2010CB950400) and an NSFC Project (41175069).
